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Chronic exposure to ultraviolet (UV) radiation causes oxidative stress, which is involved in photoaging and actinic
elastosis. UV and reactive oxygen species generate lipid peroxidation products, including the α, β-unsaturated
carbonyl compounds such as acrolein or 4-hydroxynonenal (4-HNE). These aldehydes can modify proteins of the
extracellular matrix, but their role in the pathogenesis of photoaging is not clariﬁed. The aim of this study was to
investigate whether these aldehydes contribute to alter elastin metabolism and whether topical carbonyl scavengers
delay UV-induced skin photoaging. Hairless mice (4–6-week old) daily exposed to UV-A (20 J cm−2 per day, up to
600 J cm−2) exhibited the typical features of photoaging, associated with a signiﬁcant increase in 4-HNE- and
acrolein-adduct content, and elastotic material deposition. Immunoﬂuorescence studies showed the accumulation
of 4-HNE adducts on elastin in the dermis of UV-A-exposed mice. This was mimicked in vitro by incubating orcein-
elastin with 4-HNE or acrolein, which altered its digestion by leukocyte-elastase, a feature possibly involved in the
accumulation of elastotic material. A daily topical application of carnosine completely reversed the development of
photoaging alterations and 4-HNE-adduct formation on elastin. These data emphasize the role of 4-HNE and acrolein
in the mechanism of photoaging, and the preventive effect of carbonyl scavengers.
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INTRODUCTION
Chronic exposure to ultraviolet (UV) radiation from the sun or
from indoor tanning devices (e.g., tanning beds, booths, and
sun lamps) contributes to skin photoaging, which is character-
ized by deep wrinkles, a leathery aspect of the skin, thickness,
reduced recoil capacity, and microvascular fragility (Yaar and
Gilchrest, 1998; Berneburg et al., 2000; Fisher et al., 2002).
Actinic elastosis is a prominent feature of photoaging not
observed in chronological aging (Berneburg et al., 2000; Kang
et al., 2001). It is characterized by a basophilic degene-
ration and disorganization of collagen ﬁbers, a deposition of
glycosaminoglycans, and by the accumulation of fragmented
elastic ﬁbers and elastin-containing (elastotic) material
(Scharffetter-Kochanek et al., 2000; Wlaschek et al., 2001).
Oxidative stress generated by UV radiation may cause
direct damage to cellular components in the skin, associated
with inﬂammatory signaling, leading to the activation of
redox-activated transcription factors (e.g., AP1, HIF-1α, and
NF-κB) and the expression of metalloproteases involved in
collagen proteolysis and elastin degradation (Burke, 2010).
However, the accumulation of elastotic material in the skin is
not fully clariﬁed (Lewis et al., 2004). For instance, it is
unclear whether actinic elastosis results from an increased
degradation or synthesis of elastin (Sellheyer, 2003).
Neutrophil elastase, which is involved in elastin degradation
(Hawk et al., 1988; Cavarra et al., 2002), may indirectly
contribute to its resynthesis, as mice knocked out for this
enzyme activity do not develop actinic elastosis lesions
(Starcher and Conrad, 1995). Elastosis could also result from a
decreased degradation of elastic ﬁbers due to elastase
deﬁciency or elastin alteration. Elastase deﬁciency can
result from a defect of elastase expression or from elastase
inhibition due to an overexpression of serine protease and
elastase inhibitors such as elaﬁn (Muto et al., 2007).
Alternatively, elastin can become elastase resistant after
modiﬁcation by transglutaminase-mediated cross-linking
between elastin and other proteins (Schalkwijk, 2007) or by
advanced glycation end products such as Nε-(carboxymethyl)
lysines (Yoshinaga et al., 2012).
The mechanism of protein modiﬁcation by glycation or by
advanced glycation end product precursors is common with
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that evoked by aldehydes issued from lipid peroxydation,
such as hydroxyalkenals, malondialdehyde, or acrolein,
which are generated by polyunsaturated fatty acids peroxida-
tion (Esterbauer et al., 1991; Poli et al., 2008). These
advanced lipoxidation end products are reactive and their
non-charged structure allows them to migrate through
hydrophobic or hydrophilic media, relatively far from their
production site (Vistoli et al., 2013). Advanced lipoxidation
end products, and particularly 4-hydroxynonenal (4-HNE),
are considered as important cell damage mediators,
which react with nucleophilic groups of biological molecules
(DNA, aminophospholipids, and proteins). The formation of
aldehyde-adducts on proteins generates a progressive cellular
and tissular dysfunction and irreversible damage (Esterbauer
et al., 1991; Negre-Salvayre et al., 2008; Poli et al., 2008;
Guéraud et al., 2010; Vistoli et al., 2013; Zarkovic et al.,
2013). Several years ago, Tanaka et al. (2001) reported that
4-HNE and acrolein form adducts to elastin in actinic elastosis
lesions in humans. However, whether lipid peroxidation
aldehydes contribute to the extent of photoaging lesions is not
clariﬁed.
The aim of this study was to investigate the generation of
4-HNE and acrolein by UV-A in the skin of hairless mice, their
contribution to elastin modiﬁcation, and the protective
effect of carbonyl scavengers on actinic elastosis extent in
UV-exposed animals.
RESULTS
UV-A exposure induces 4-HNE adduct formation in the skin of
hairless mice
The role of lipid peroxidation products in photoaging induced
by the exposure to solar radiation remains hypothetical. We
investigated this question on hairless mice, a classical animal
model for actinic elastosis (Kligman, 1996). The mice were
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Figure 1. UV-A exposure of hairless mice generates lipid peroxidation and actinic elastosis. Two groups of ten Skh:hr-1 hairless mice were used, either untreated
or daily irradiated on the dorsum by UV-A (20 J cm−2 per day up to 600 J cm−2), as indicated in Materials and Methods. (a) Macroscopical features of skin
photoaging: macrophotographies of the back (bar= 2mm). Arrows indicate some deep wrinkles on the skin of mice exposed to UV-A for 6 weeks (600 J cm−2).
(b) Microphotographies of histological sections of the dorsal skin (bar= 100 μm). Upper panels, hematoxylin/eosin; middle panels, Verhoeff’s elastin stain. Red
arrows indicate the epidermis area. Lower panels, immunohistochemical staining of 4-HNE adducts (anti-Michael-adduct 4-HNE primary antibody revealed by a
peroxidase-conjugated secondary antibody). (c) Epidermal thickness quantiﬁed by Image J. (d) Total elastin content in skin homogenates. The results are
expressed as the ratio of α-elastin in UV-exposed/nonexposed animals. (e) 4-HNE-adduct content in skin homogenates, expressed as nmol per mg protein.
Data are mean± SD of ﬁve separate experiments, *Po0.05. 4-HNE, hydroxynonenal; SD, standard deviation.
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exposed to UV-A rays, which seem to be mainly responsible
for photoaging damage because of their longer wavelength
allowing them to deeply penetrate in the dermis (Ichihashi
et al., 2009).
Hairless mice (6 weeks old, 10 males per group) were daily
exposed to UV-A (20 J cm−2, up to 600 J cm−2). Under the used
conditions, we did not observe any major clinical symptom of
acute photo-irritation (sunburn, erythema, oedema, blister, and
itching), nor histological sign of phototoxicity (apoptotic
keratinocytes, dermal edema, and leukocyte inﬁltrate).
In agreement with previous observations (Menter et al.,
1996), the skin of mice exposed to UV-A exhibited the
classical signs of actinic elastosis, particularly the formation of
deep wrinkles, in contrast to non-exposed animals (Figure 1a).
Hematoxylin/eosin histological sections showed the epider-
mal thickening characteristic of epidermal hyperplasia and
the accumulation of basophilic material (Figure 1b and c).
Verhoeff’s staining showed a moderate increase in black-
stained elastin ﬁbers (Figure 1b). The 4-HNE adducts were not
or were only faintly detected in the skin of untreated mice but
were strongly increased after UV-A exposure, particularly in
Verhoeff-stained areas, indicating a possible colocalization
with elastin (Figure 1b). The total elastin and 4-HNE-adduct
contents were signiﬁcantly increased in the skin from UV-
exposed animals, in correlation with their immunohistological
staining (Figure 1d and e).
Double-immunoﬂuorescence labeling and confocal analy-
sis indicated that 4-HNE and acrolein adducts were increased
in the UV-A-exposed skin of hairless mice and colocalized in
part with elastin (Figure 2 and Supplementary Figure S1
online). However, 4-HNE adducts colocalized with elastin
were more abundant compared with acrolein adducts,
possibly because the higher hydrophobicity of 4-HNE facil-
itates its interaction with the hydrophobic domains of elastin.
These results indicate that (i) repeated sessions of moderate
UV-A irradiation induce the formation of lipid peroxidation
products (LPPs, including 4-HNE and acrolein) in the skin of
hairless mice; (ii) these LPPs form adducts on the proteins of
extracellular matrix, including elastin, in the skin of UV-A-
exposed hairless mice, which could contribute to alter the
elastic properties of the skin, as glycating agents do
(Yoshinaga et al., 2012).
UV-A trigger the generation of 4-HNE adducts in murine
ﬁbroblasts
We veriﬁed whether UV-A can induce the formation of 4-
HNE adducts independently of any acute cytotoxicity. This
issue was investigated on cultured murine skin ﬁbroblasts
exposed to increasing doses of UV-A radiations.
As shown in Figure 3, LPPs (thiobarbituric acid reactive
substances and 4-HNE) were dose-dependently generated in
murine ﬁbroblasts exposed to increasing UV-A doses as
assessed by the formation of thiobarbituric acid reactive
substance and 4-HNE adducts in ﬁbroblasts exposed to
increasing UV-A dose (Figure 3a). Immunoﬂuorescence
experiments indicated the presence of 4-HNE adducts in
UV-A-exposed ﬁbroblasts (40 J cm−2) (Figure 3b).
Under conditions inducing mild lipid peroxidation, UV-A
irradiation induced no signiﬁcant cytotoxic effect (up to 30
J cm− 2), as assessed by the MTT (3-(4,5-dimethylthiazol-2-Yl)-
2,5-diphenyltetrazolium bromide) and the syto13/propidium
iodide live/dead assays, but the phototoxicity began to rise at
higher UV-A dose (40 J cm−2) (Figures 3c–e).
These data show that UV-A can generate a detectable lipid
peroxidation in ﬁbroblasts without triggering cell death. This
is consistent with the formation of 4-HNE adducts in the skin
of hairless mice irradiated by UV-A doses that induce no
major symptom of acute phototoxicity.
4-HNE inhibits elastin degradation by elastase
As 4-HNE generated in UV-A-irradiated skin forms protein
adducts (and particularly 4-HNE-elastin adducts) and as
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Figure 2. Elastin modiﬁcation by 4-hydroxynonenal (4-HNE) in UV-treated
mice. Immunoﬂuorescence confocal microscopy of skin sections from untreated
and UV-treated mice, labeled with anti-4-HNE adduct antibody (Tanaka et al,
2001) and anti-elastin antibody (anti elastin, EPC, Owensville, MO), as
described in the Materials and Methods (top bar = 50 μm). Inserts indicate area
selected for higher magniﬁcation shown in the lower panels (bottom, bar =
20 μm). White arrows show the colocalization of elastin with 4-HNE adducts
(yellow areas) on the composite image (merge). Representative pictures of four
separate experiments.
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actinic elastosis is a hallmark of UV-induced photoaging, we
explored whether 4-HNE may induce elastin accumulation.
As the high elastin content in actinic elastosis may result from
UV-induced elastin neosynthesis (Sellheyer, 2003), we exa-
mined whether UV-A stimulates elastin synthesis in ﬁbroblasts.
In cultured mouse ﬁbroblasts, UV-A did not stimulate elastin
synthesis, under the used conditions, in contrast to the pro-
elastogenic transforming growth factor (TGF)-β1 (Figure 4a).
We then examined whether elastin degradation by elastase
was altered by UV-A or 4-HNE. Two potential mechanisms
involved in elastin degradation can be impaired: (i) expression
or/and activity of elastase; (ii) degradability of elastin by
elastase, which may be altered when elastin is modiﬁed by
lipid oxidation products.
Under the used conditions of UV-A irradiation of ﬁbro-
blasts, the expression and activity of elastase were not
decreased, but instead UV-A (30 J cm−2) increased the
expression of the three MMP-12 isoforms (Figure 4b) and its
enzymatic activity (Figure 4c). Interestingly, the expression of
elastase was also increased in UV-A-irradiated skin of hairless
mice (Supplementary Figure S2 online).
Another mechanism potentially implicated in the accumu-
lation of elastotic material is the impaired degradation of
elastin modiﬁed by lipid oxidation products. Yoshinaga et al.
(2012) recently reported that Nε-(carboxymethyl)lysine
accumulates on elastin in photoaged skin, which impairs
elastin degradation and contributes to the accumulation of
abnormal elastotic material. We hypothesized that such an
event may occur with lipid oxidation products such as 4-HNE
and acrolein, as these aldehydes are able to modify proteins
and generate protein dysfunction (Guéraud et al., 2010). To
test this hypothesis, α-elastin and orcein-elastin were incu-
bated with increasing concentrations of 4-HNE or acrolein
for 72 hours at room temperature. The modiﬁcation of
α-elastin was veriﬁed by dot-blot experiment (Figure 4d and
Supplementary Figure S3 online), whereas the digestion of
orcein-elastein was monitored by incubation with leukocyte-
elastase (1 Uml−1), for 18 hours at 37 °C. The formation of
4-HNE and acrolein adducts on elastin dose-dependently
inhibited its digestion by leukocyte elastase (Figure 4e and
Supplementary Figure S3 online).
These data indicate that aldehyde-modiﬁed elastin becomes
resistant to elastase, which may contribute to its accumulation
in the skin of mice exposed to UV-A (20 J cm−2 per day,
100 J cm−2 per week, up to 600 J cm−2 in 6 weeks).
Carnosine prevents 4-HNE adduct formation and elastin
modiﬁcation
In vitro, carnosine, a β-alanyl-L-histidine dipeptide with
carbonyl scavenger activity (Aldini et al., 2002; 2005;
2014), was able to prevent the modiﬁcation of elastin by
4-HNE and acrolein (Figures 5a and b and Supplementary
Figure S3 online). Carnosine prevented in part the rise of
intracellular reactive oxygen species (ROS) in ﬁbroblasts
exposed to UV-A (Figure 5c) and completely inhibited the
formation of 4-HNE adducts (Figure 5d). N-acetylcysteine
(NAC), an antioxidant with carbonyl scavenger activity,
completely inhibited both the increase of intracellular ROS
(Figure 5c) and the formation of 4-HNE adducts (Figure 5d) in
ﬁbroblasts exposed to UV-A.
As this study was focused on the role of aldehydes in
photoaging, we tested the effect of carnosine on elastin
modiﬁcation by 4-HNE in hairless mice exposed to UV-A.
Carnosine (1% in propylene glycol (PG)) was daily and
topically applied on the back of hairless mice, after exposure
to UV-A irradiation. Carnosine completely inhibited the
generation of 4-HNE adducts and the increase in elastin
content in the skin (Supplementary Figure S1 online) and
strongly reduced the macroscopical signs of photoaging and
the modiﬁcation of elastin by 4-HNE adducts (Figure 6).
Noteably, the vehicle (PG) had no protective effect against the
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Figure 3. 4-hydroxynonenal (4-HNE) adducts are generated by UV-A in
ﬁbroblasts. Murine ﬁbroblasts cultured in 35mm dishes were exposed to
UV-A in the HBSS culture medium, up to 50 J cm−2. (a), 4-HNE adduct and
thiobarbituric acid reactive substances (TBARS) content determination,
expressed as nmol per mg cellular protein. (b) Immunoﬂuorescence of 4-HNE
anti 4-HNE-Michael adduct antibody (Calbiochem, VWR, FR) adducts in
UV-A-exposed ﬁbroblasts (40 J cm−2). (c and d) Kinetics of cell viability on
ﬁbroblasts exposed to increasing UV-A doses and evaluated by the MTT test
and (c) Syto13/PI labeling (d). (e) representative picture of syto13/PI-labeled
ﬁbroblasts exposed to 40 J cm−2. Data are expressed as mean± SEM of ﬁve
separate experiments, *Po0.05. HBSS, Hank’s balanced salt solution;
MTT, (3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide;
ns, not signiﬁcant; PI, propidium iodide.
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formation of 4-HNE adducts on elastin modiﬁcation (Figure 6
and Supplementary Figure S4 online).
DISCUSSION
This report indicates that aldehydes generated in the skin by
UV-A (4-HNE, acrolein) contribute to skin photoaging by
modifying elastin and rendering it resistant to elastase
digestion. The fact that carnosine prevents elastin modiﬁca-
tion by 4-HNE, as well as photoaging signs, strongly supports
a role for aldehydes issued from lipid peroxidation as an
aggravating mechanism in photoaging. In skin exposed to
solar radiation, a local oxidative stress is thought to have a key
role in the development of actinic elastosis (Burke, 2010).
Several mechanisms have been implicated, including a
reduction in antioxidant defences, the activation of
inﬂammatory signaling, and the recruitment of inﬂammatory
mononuclear cells, induction of redox-sensitive transcription
factors, and of elastolytic proteases (Tsukahara et al., 2001;
Cavarra et al., 2002; Carlsen et al., 2004; Cho et al., 2012;
Kwon et al., 2012).
Oxidative stress generates bioactive LPPs, which are
present in the skin (Nicolaou et al., 2011). Among LPPs, α,
β-unsaturated aldehydes, including acrolein and 4-HNE
(Uchida, 1999; Guéraud et al., 2010), are a class of highly
reactive compounds with electrophilic properties allowing
them to react with nucleophiles (e.g., free amino group of
lysine, sulfhydryl group of cysteine and imidazole group in
histidine) (Uchida, 1999). The presence of 4-HNE and
acrolein adducts in the skin of hairless mice exposed to UV-
A, and their accumulation on elastin, is in agreement with the
observation by Tanaka et al. (2001), who reported the
presence of 4-HNE-modiﬁed elastin in actinic elastosis lesions
in humans. It is likely that elastin modiﬁcation and its
accumulation in photoaging lesions should have conse-
quences on its functional properties, as generally reported
for most proteins modiﬁed by 4-HNE, particularly in the
pathophysiology of oxidative stress and age-related diseases
(Negre-Salvayre et al., 2010).
The accumulation of elastotic material in UV-irradiated
photoaged skin may result from increased neosynthesis or/and
decreased degradation of elastin (Sellheyer, 2003). Elastin
biosynthesis is regulated in the skin by a wide array of
cytokines and growth factors, TGFβ1 and IGF1 being the most
potent (Sproul and Argraves, 2013). Elastin and ﬁbrillin
expression is increased in sun-exposed skin (Bernstein and
Utto, 1996). However, under our experimental conditions on
cultured ﬁbroblasts, UV-A irradiation did not stimulate elastin
synthesis, and the proelastogenic effect of TGFβ1 is inhibited
by 4-HNE (Larroque-Cardoso et al., 2014) that is generated
during UV-A irradiation of the skin. Moreover, UV irradiation
triggers the expression of inﬂammatory cytokines that inhibit
elastin biosynthesis (Sproul and Argraves, 2013). On the other
hand, a defect of elastin degradation may participate in the
elastotic process. Elastin degradation is a complex process
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depending on the equilibrium between proteolytic enzymes
(e.g., elastase and matrix metalloproteinases), endogenous
inhibitors (e.g., tissue inhibitor of matrix metalloproteinases
and elaﬁn), and accessibility of the substrate. In our model
system, UV-A stimulated both the expression and enzymatic
activity of elastase in ﬁbroblasts and in the skin of UV-treated
mice, in agreement with Cavarra et al. (2002). However, the
action of elastase on dermal elastin is probably more
complex, as knockout mice that lack neutrophil elastase do
not develop any UV-A/B-induced elastosis (Starcher and
Conrad, 1995), which may suggest a role for elastase not only
in the breakdown but also in the production of elastic ﬁbers
(Schalkwijk, 2007). An additional complexity is the presence
of endogenous protease inhibitors, such as secretory
leukocyte protease inhibitor (Wingens et al., 1998) and
elaﬁn (Muto et al., 2007), that modulate elastase activity.
Muto et al. (2007) reported that UV-A induces the expression
of elaﬁn, which forms complexes with elastin, thereby
preventing elastin degradation by elastase and eliciting its
accumulation in actinic elastosis (Muto et al., 2007).
Likewise, elastin modiﬁed by LPPs was partly resistant to
elastase degradation, as shown by the low rate of degradation
by elastase of orcein-elastin modiﬁed by 4-HNE or acrolein,
quite consistent with the reduced degradation rate of elastin
modiﬁed by D-ribose (Yoshinaga et al., 2012). Thus, elastin
modiﬁcation by aldehydes in the dermis of UV-A-treated mice
may result in a resistance of elastin to elastase degradation
and may explain, at least in part, the accumulation as
aldehyde-modiﬁed elastotic material.
This hypothesis is supported by the protective effect of
carnosine, which prevented elastin modiﬁcation in vitro and
in vivo. Our results show that carnosine exhibits a mild
antioxidant activity, as it inhibits in part the ROS increase
evoked by UV-A exposure of ﬁbroblasts, whereas it strongly
inhibits the formation of 4-HNE adducts in these cells. By
comparison, NAC, a powerful antioxidant exhibiting carbonyl
scavenger properties, completely blocked ROS generation
and 4-HNE adduct formation in ﬁbroblasts. The mild
antioxidant effect of carnosine could result either from a
direct neutralization of ROS (less efﬁcient than NAC) or from
the formation of 4-HNE-carnosine adducts during UV-A
exposure, which in turn protects the consumption of
intracellular glutathione by 4-HNE, and the subsequent
oxidative stress, as demonstrated by Aldini’s group in
keratinocytes exposed to UVB and 4-HNE (Aldini et al.,
2007). Carnosine is a histidine dipeptide that highly reacts
with acrolein or 4-HNE to form nonreactive adducts with its
imidazole moiety, allowing to detoxify LPPs and prevent the
process of protein modiﬁcation (Aldini et al., 2005, 2014).
Thus, it is likely that carnosine forms adducts with 4-HNE in
the skin of UV-A-irradiated mice, protecting in turn elastin
and the other proteins of the extracellular matrix, as well as
keratinocytes as reported (Aldini et al., 2007).
Several studies point out the presence of increased
carbonyl (4-HNE, acrolein) protein levels in the stratum
corneum of sun-exposed skin area, targeting keratins and
corniﬁed envelopes (Hirao and Takahashi, 2005; Aldini et al.
2007; Fujita et al. 2007) and affecting their properties such as
the water-holding capacity (Iwai and Hirao, 2008). Our
results and the observation of Tanaka et al. (2001) indicate
that protein carbonylation induced by UV-A affects not only
the epidermal outer layer but also the dermis layer, at least
through the modiﬁcation of elastin ﬁbers and the accumula-
tion of elastotic material. It is to be noted that UV-A generates
more 4-HNE adducts compared with acrolein adducts on
elastin, pointing out differences in the kinetics of adduct
formation, nature of epitopes, and origin of aldehydes in the
skin, which were not identiﬁed in this work. More studies will
be necessary for characterizing how elastin is modiﬁed by
aldehydes and whether the modiﬁcation occurs on an intact or
partially degraded elastin. Another question is the reversibility
of elastin modiﬁcation by aldehydes in respect to the aging
process. Intracellular antioxidants (glutathione and ascorbic
acid) or enzymes such as alcohol dehydrogenase, glutathione
α-Elastin
α-Elastin
Blot:anti-elastin
100
50
0
O
rc
ei
n-
el
as
tin
 d
eg
ra
dt
io
n 
(%
)
Blot:anti-4-HNE-adduct
0 10 50 100
4-HNE (μM)
UVA
+ Carnosine
+ NAC
*
*
*
*
*
##
# #
α-Elastin
+ carnosine
α-Elastin
+ carnosine
*
*
4-HNE
Carnosine
0
0 0 +
++
6
4
2
0
0
100
200
300
RO
S 
in
cr
ea
se
 (%
 of
 co
ntr
ol)
4-
H
N
E 
co
nt
en
t (n
mo
l m
g–
1 )
UV
NAC
CarnosineUV (J cm–2)
–
–
– –
–
–
– –
–
–
–
+
++
+
++
+
0 10 20 30 40
Figure 5. Carnosine and N-acetylcysteine (NAC) prevent elastin modiﬁcation
by 4-hydroxynonenal (4-HNE). (a) Dot blot experiment of α-elastin modiﬁcation
by 4-HNE and protective effect of carnosine (1mM) revealed as indicated in
Figure 4. (b) Modiﬁcation of orcein-elastin by 4-HNE (120 μM), and protection by
carnosine (1mM), as described in Figure 4. (c) Kinetics of ROS in ﬁbroblasts
exposed to UV-A, with or without carnosine (1mM) or NAC (1mM), and measured
with the H2DCFDA probe, as described in the Supplementary Materials and
Methods online. Results are expressed as % of the non-irradiated control. (d) 4-
HNE content in ﬁbroblasts exposed to UV-A, after 18-hour pre-incubation w/wo
carnosine or NAC (1mM each). These values are the means of four separate
experiments. *Po0.05. ns, not signiﬁcant; ROS, reactive oxygen species.
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Figure 6. Carnosine suppresses photoaging signs and elastin modiﬁcation by 4-hydroxynonenal (4-HNE). Macroscopic and histological representative pictures
of dorsal skin of Skh:hr-1 hairless mice either untreated (control) or daily irradiated by UV-A (20 J cm−2 per day up to 600 J cm−2), with or without topical
treatment with propylene glycol (PG, 30% in water) containing or not carnosine (1%) applied daily, as indicated in the Materials and Methods section.
(a) Macroscopic pictures showing the protective effect of carnosine on photoaging evoked by UV-A exposure of hairless mice (bar = 4mm).
(b) Immunoﬂuorescence and confocal microscopy showing the protective effect of carnosine on 4-HNE adduct generation and elastin modiﬁcation in UV-A
exposed skins (bar = 50 μm).
P Larroque-Cardoso et al.
Elastin Modiﬁcation by 4-HNE
www.jidonline.org 1879
transferase, or aldehyde dehydrogenase may detoxify and
neutralize aldehydes and inhibit the formation of 4-HNE
adducts on proteins (LoPachin et al., 2009). Moreover,
aldehyde dehydrogenase dysfunction in the process of aging
(Chen et al., 2014) could contribute to the progressive
accumulation of aldehyde- and advanced glycation end
product–modiﬁed proteins in tissues and extracellular matrix,
including elastin. In all cases, the protective effect of carnosine
on UV-induced elastin modiﬁcation by 4-HNE emphasizes the
role of protein carbonylation in skin photoaging.
MATERIALS AND METHODS
A detailed Materials and Methods description is available in
Supplementary Materials and Methods online.
Cell culture and UV-A treatment
Murine ﬁbroblasts isolated from wild-type mouse (strain 129/SV)
were grown in the DMEM glutamax culture medium supplemented
with 10% fetal calf serum and antibiotics (100 Uml− 1 penicillin,
100mgml−1 streptomycin) in a 5% CO2-humidiﬁed incubator at
37 °C. Twenty-four hours before the experiments, cells were starved
in a serum-free medium, as indicated.
Before UV-A exposure, the medium was removed and replaced by
2ml Hank’s balanced salt solution (HBSS). Fibroblasts were exposed
to increasing UV-A doses (10–50 J cm-2) (Bio-Spectra UV lamp,
365 nm, Vilbert-Lourmat, Torcy, France). When indicated, ﬁbroblasts
were preincubated for 18 hours with NAC or carnosine (each 1mM)
(Figure 5c and d), and then the medium was discarded and replaced
by HBSS before exposing the cells to UV-A. At the end, the HBSS
medium was removed and replaced by the DMEMmedium containing
10% fetal bovine serum and when indicated NAC or carnosine. After
1 hour, the cells were rinsed twice with phosphate-buffered saline
(PBS), recovered, and stored at −80 °C until use.
Elastin content determination
The elastin assay (Fastin Elastin assay kit, Biocolor Life Science assay,
Carrickfergus, County Antrim, UK) allows to determine the soluble
tropoelastin and cell-associated elastin after its solubilization into α-
elastin polypeptides. Skin samples from control and UV-A-irradiated
mice were suspended in 400 μl of 0.25 M oxalic acid and heated at
100 °C for a 2-hour period to solubilize all matrix components except
elastin. After a 10,000 g centrifugation, 50 μl of supernatant were used to
precipitate elastin and then allowed to bind the elastin-speciﬁc dye for
1.5 hours under gentle agitation at room temperature. Bound dye was
suspended in a 250 μl volume and then transferred to a 96-well plate.
Absorbance was measured at 513 nm on a plate reader (TECAN,
Tecan France S.A.S.U, Lyon, France) and compared with a standard
curve generated from known concentrations of α-elastin, in the
conditions given by the manufacturer. The data are expressed as the
ratio of the untreated animals.
A similar protocol was used for determining the total elastin
content in ﬁbroblasts after 48 hours following either irradiation by
UV-A or stimulation by TGF-β1 (1 ngml−1).
Elastin modiﬁcation by aldehyde and elastase digestion assay
α-elastin (1 mgml− 1 in PBS) was incubated under sterile conditions
at the indicated 4-HNE or acrolein concentrations, in a ﬁnal volume
of 100 μl at 37 °C for 48 hours. The modiﬁcation of elastin was
evaluated by dot-blot on nitrocellulose membrane and revealed with
the polyclonal anti-elastin antibody and anti-acrolein or anti-4-HNE
antibodies.
The digestion of insoluble elastin by leukocyte-elastase was
performed in the conditions described by Yoshinaga et al. (2012).
Brieﬂy, orcein-labeled insoluble elastin (1mgml−1 in PBS) was
incubated with 4-HNE or acrolein at the indicated concentrations in
a ﬁnal volume of 100 μl at 37 °C for 48 hours. At the end, the mixture
was centrifuged (13,000 trs/min, 10min) and washed twice in PBS.
The pellet was re-suspended in 50 μM Tris-HCl pH 7.4 containing
20mM CaCl2 and leukocyte-elastase (1U perassay) for 24 hours. The
mixture was centrifuged, and the optical density of the supernatant
was measured at 590 nm on a plate reader (TECAN). The data are
expressed as a percent of unmodiﬁed elastin degradation.
UV-A irradiation of hairless mice and topical treatment with
carnosine
The experimental protocol (No. 12/1048/10/13) was carried out in
accordance with French legislation. The medical ethical committee of
INSERM and University approved all described studies. Albino hairless
mice Skh:hr-1 (Charles River Laboratories, St Germain sur l'Arbresle,
France) (10 animals per condition) were either untreated or daily
exposed (on the whole back) to UV-A radiation (20 J cm−2 daily, i.e.,
2 hours exposure per day, 5 days a week for 6 weeks, i.e., up to
600 J cm−2 at the end of the experiment). When indicated, the entire
back of the animals was daily and topically treated with PG (30% in
water) containing or not carnosine (1%), immediately after UV
exposure. Mice were killed (by cervical dislocation) after intraper-
itoneal injection of ketamin (150mg per kg body weight) and xylazine
(10mg kg−1). The skins were recovered; a sample was ﬁxed in
formaldehyde (4% in PBS) and embedded in parafﬁn for histological
analysis, and another sample was kept frozen at −80 °C for elastin and
4-HNE adduct content.
Statistical analyses
Estimates of statistical signiﬁcance were performed by a t-test or
analysis of variance (SigmaStat 3.5, Systat software, San Jose, CA).
When tests for normality and equal variance (Kolmogorov–Smirnov)
passed, differences between mean values were evaluated by an
unpaired t-test (two groups) or by one-way analysis of variance
(several experimental groups) followed by multiple comparisons by
the Holm–Sidak test, using SigmaStat 3.5 software (Systat Software).
Values of Po0.05 were considered signiﬁcant.
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